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h i g h l i g h t s
Microbial communities in high-solids sludge anaerobic digesters were investigated.
 The dominant acetoclastic methanogen is Methanosarcina other than Methanosaeta.
 Hydrogenotrophic and methylotrophic methanogens increased significantly.
 Acidogenic and acetogenic bacteria decreased while proteolysis ones increased.a r t i c l e i n f o
Article history:
Received 23 March 2016
Received in revised form 13 May 2016
Accepted 14 May 2016





Microbial communitya b s t r a c t
High-solids anaerobic digestion (HSAD), a promising method with smaller reactor and less heating
energy consumption, showed relatively lower digestion efficiency sometimes and higher tolerance to
some inhibitors. To investigate the phenomena, the archaeal and bacterial communities in four anaerobic
digesters treating sewage sludge with total solids (TS) of 10–19% were investigated. Although acetoclastic
methanogenesis conducted mainly by genus Methanosarcina was still the main pathway producing
methane, the total ratio of acetoclastic methanogens decreased along with the increased TS. In contrary,
the relative abundance of hydrogenotrophic methanogens increased from 6.8% at TS 10% to 22.3% at TS
19%, and methylotrophic methanogens from 10.4% to 20.9%. The bacterial community was dominated
by five phyla. Acidogenic and acetogenic bacteria affiliated to Firmicutes decreased following the increase
of TS; while the proteolysis phylum Bacteroidetes increased, with a tolerant family ST-12K33 notably
existing in the digesters at TS 17% and 19%.
 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Anaerobic digestion is a widely-used method in sewage sludge
treatment. However, its application is somehow limited because of
high energy requirement for heating sludge solids and water and
large space for digestion tanks. Therefore, anaerobic digestion of
the sludge with higher total solids (TS) content has been consid-
ered to be an alternative to solve these problems. Thus, high-
solids anaerobic digestion (HSAD), which commonly refers to such
system with TS content higher than 8% (Liao and Li, 2015) in com-
parison to conventional anaerobic digestion (CAD) with TS 2–6%,
could operate with smaller digesters while still keep the same han-
dling capability. Currently, HSAD or dry fermentation has been
applied to hundreds of projects dealing with different solid wastes.Nevertheless, when sewage sludge was taken as the feedstock, due
to the blocked mass transfer, HSAD systems was reported to sur-
vive with accumulated intermediates, whose concentration may
be even higher than the inhibition-threshold for most sludge
CAD systems, and correspondingly resulted in relatively lower
digestion efficiency. For example, in a stable sludge HSAD system
acquired by (Liao and Li, 2015), the free ammonia–nitrogen
(FAN) concentration could reach up to 230 mg/L, which was higher
than the inhibition threshold for CAD (generally less than 200 mg/L)
(Yenigün and Demirel, 2013); meanwhile, the removal rate of
volatile solids in this HSAD process (32%) was lower than the
common range of 50–65% in CAD. Moreover, prolonged time for
complete digestion from 16 days to 46 days was also reported
when sludge TS increased from 1.79% to 15.67% (Liao et al., 2014).
The higher tolerance to some inhibitors and deteriorated per-
formance of sludge HSAD was believed to be directly related to
the decreased capacity of functional microbes, since anaerobic
digestion process is a series of biochemical reactions conducted
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in water content directly blocked the mass transfer in high-solids
digestate, and as a result, the microbial activity was significantly
lower than that in CAD system (Liu et al., 2016). On the other hand,
microbial communities in HSAD and CAD systems may also differ
due to different TS contents, thus causing an alternation in meta-
bolic pathways and a decline in digestion performance. Several
studies suggested that the predominant microbial community
and metabolic pathway always changed along with varied fermen-
tation conditions because microorganisms had different adaptabil-
ities (Li et al., 2013). For example, the typical fermentation
pathways include ethanol, butyric-acid and propionic-acid type
fermentation (Demirel and Scherer, 2008), and hydrogen was nor-
mally produced accessorily in the latter two pathways. However,
during the digestion of wheat straw under highly dry fermentation
condition (TS ranging between 28% and 33%), a butyric pathway
with no hydrogen production was suggested to be typical for the
system (Motte et al., 2013). Similar phenomena were also verified
during methanogenesis processes. All the three defined pathways
including acetoclastic, hydrogenotrophic or methylotrophic
methanogenesis (Liu and Whitman, 2008) have already been
detected in mesophilic CAD systems of sewage sludge and aceto-
clastic methanogenesis is always considered to be dominated
(Guo et al., 2015). While when digestion temperature, ammonia
concentration or some other operating condition changes, the
dominant methanogen may alter to hydrogenotrophic methano-
gen (Demirel and Scherer, 2008; Maspolim et al., 2015; Song
et al., 2010).
Nevertheless, microbial properties of sludge HSAD have rarely
been reported, although some works had related different micro-
bial characteristics to various operational conditions of CAD,
including feedstock (Niu et al., 2015), temperature (Kim and Lee,
2016), pH (Maspolim et al., 2015), etc. Some limited and indirect
information on functional microorganisms can be found during
HSAD of municipal solid waste and agricultural wastes (Li et al.,
2013). However, these experiences cannot be directly used to
HSAD of sewage sludge, since the feedstock also has impact on
microbial features of anaerobic digestion. Especially, due to the
complex composition of sewage sludge, its rheological property
is quite different from that of uncompact wastes. When sludge
TS increased to 7–15%, it became a sticky fluid exhibiting thixotro-
pic property; whereas sludge TS increased higher than 15%, it looks
like a semisolid with poor flow ability (Cheng and Li, 2015). There-
fore, it is valuable to find the changes of microbial community
structure in response to the increase of TS during HSAD of sewage
sludge and provide some insight into the possibly-deteriorated
performance.
Among the various methods applied to investigating environ-
mental microorganisms, culture-dependent method was com-
monly considered to be inappropriate since it might have bias
towards excluding viable but nonculturable microorganism. The
recent developments and application of molecular fingerprinting
techniques such as denaturing gradient gel electrophoresis
(DGGE), single-strand conformation polymorphism (SSCP),
terminal-restriction fragment length polymorphism (T-RFLP) have
allowed researchers to investigate the nonculturable microorgan-
ism and showed high resolution. However, these methods are still
inefficient to determine all the key microbial populations due to
the limitation in number of DNA templates sequenced. Therefore,
the emerging high-throughput sequencing (HTS), including 454
pyrosequencing, Illumina, Ion Torrent, Solid and PacBio are always
considered as appropriate approach to acquiring the whole micro-
bial spectrum under certain environmental condition (Yang et al.,
2014). In addition, the Illumina platform (e.g., HiSeq 2000, HiSeq
2500, MiSeq) has become an attractive option due to lower cost,
rapid analysis, and higher accuracy. While the MiSeq platform inparticular has been considered to be a dominant sequencing tech-
nology for microbial ecology studies due to its great flexibility,
fast-turnaround time, longer sequence reads and high accuracy,
and a growing number of studies had recently adopted Illumina
Miseq sequencing and analysis on various environmental
conditions.
In this study, Illumina Miseq platform was used to sequence
and analyze the microbial communities during sludge anaerobic
digestion at different TS concentrations. The primary aim of this
study is to focus on the effect of operating TS on microbial commu-
nity during sludge HSAD. Through drawing a whole microbial spec-
trum of such systems, it is expected to find the specific microbial or
metabolic characteristics being responsible for the enhanced toler-
ance and deteriorated performance of HSAD, and facilitate the
development of more efficient full-scale HSAD system to achieve
a high-rate sludge reduction and methane production.2. Materials and methods
2.1. Anaerobic digesters and sample collection
Samples were collected from the digestate discharged from four
laboratory-scale semi-continuous sludge anaerobic digesters. The
four digesters were completely stirred-tank reactors (CSTR), oper-
ated at mesophilic condition (35 ± 1 C) with a sludge retention
time (SRT) of 30 d. The feedstock was prepared using the dewa-
tered sludge collected from a full-scale WWTP in Kunming city,
China. Since TS content of the dewatered sludge acquired was rep-
resentatively about 20%, it was adjusted to 10%, 15%, 17% and 19%
using deionized water before the sludge was fed into the corre-
sponding digester, in order to reveal the microbial properties in
HSAD systems with increasing TS contents. All the digesters had
been running steadily for at least two months before sampling.
Operation parameters including volatile solids (VS) content, pH,
total ammonia–nitrogen (TAN), FAN and volatile fatty acids (VFAs)
were determined referring to the common methods (Liao and Li,
2015).
In a certain day of steady stage, a certain quantity of digestate
(1/30 of total quantity) was taken from each digester after contin-
uously stirring, and then six (TS 10%, 15% and 17%) or eight sludge
samples (TS 19%) were collected from the digestate. This operation
aimed to reduce the potential sampling error introduced by the
heterogeneity of sludge. After being taken from the digesters, the
samples were cooled to 4 C immediately and then transferred
using an ice-box and stored at 80 C before DNA extraction.2.2. DNA extraction, PCR and Illumina sequencing
Prior to DNA extraction, all the frozen samples were scraped,
thawed at room temperature and mixed. Then the genomic DNA
was extracted using a PowerSoil DNA Isolation Kit (Mo Bio Labora-
tories Inc., Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. DNA was extracted from each sample, and thus totally 26
DNA samples were acquired (13 for bacteria and 13 for archaea)
and conducted for the subsequent analyses. Correspondingly,
sequencing for bacteria and archaea was conducted in triplicate
or quadruplicate for each TS level.
Amplification of partial 16S rRNA gene was performed on
GeneAmp9700 (ABI) using primer pairs 338F (50-ACTCCTACGG
GAGGCAGCAG-30)/806R (50-GGACTACHVGGGTWTCTAAT-30) for
bacteria (Yu et al., 2005) and Arch524F (50-TGYCAGCCGCCGCGG
TAA-30)/Arch958R (50-YCCGGCGTTGAVTCCAATT-30) for archaea
(Pires et al., 2012). The primer for each DNA sample was synthe-
sized with a unique tag (an eight-base sequence, also called
barcode) for identification when multiple samples were analyzed
Table 1
Performances of the digesters under different TS conditions.
Parameters HSAD1 HSAD2
TS = 10% TS = 15% TS = 17% TS = 19%
pH 7.6 ± 0.1 8.0 ± 0.0 7.7 ± 0.1 7.6 ± 0.1
Organic removal
rate (%)
33.9 ± 3.7 34.7 ± 5.0 37.0 ± 1.9 20.7 ± 5.7
Biogas yield (mL/
gVS added)
383.0 ± 25.0 315.9 ± 14.1 240.0 ± 20.0 207.0 ± 17.0
VFAs (mg HAc/L) 106.9 ± 21.1 739.9 ± 70.1 154.8 ± 82.9 102.2 ± 21.2
TAN (g/L) 1.7 ± 0.2 2.9 ± 0.5 3.3 ± 0.2 1.2 ± 0.1
FAN (mg/L) 70.0 ± 11.0 259.5 ± 54.2 193.8 ± 16.7 48.6 ± 10.0
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archaeal DNA amplification, the final volume of the reaction mix-
tures was 20 lL, containing 5 lmol forward and reverse primers,
10 ng template DNA, 2.5 mmol/L dNTP, 0.4 lL FastPfu Polymerase
and 4 lL 5  FastPfu buffer. Besides, an extra 0.2 lL bull serum
albumin (BSA) was also added in archaeal reaction mixture to keep
the activity and stability of the polymerase. The bacterial poly-
merase chain reaction (PCR) was started with an initial denatura-
tion for 3 min at 95 C. A total of 28 cycles (each including 30 s
at 95 C, 30 s at 55 C, and 45 s at 72 C) was followed by a final
extension step of 10 min at 72 C. The thermal profile of the
archaeal PCR was almost the same as described above, except that
33 cycles were applied for amplification.
For each of the 26 DNA samples, the PCR was performed in trip-
licate with the products mixed subsequently. Afterwards, the
amplicons were extracted from 2% agarose gels and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, U.S.) according to the manufacturer’s instructions and
quantified using QuantiFluorTM-ST (Promega, U.S.). Purified ampli-
cons were pooled in equimolar and paired-end sequenced
(2  250) on an Illumina MiSeq platform (Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China) according to the standard
protocols. The sequencing procedures were conducted for bacteria
and archaea respectively. The raw reads were deposited into the
NCBI sequence read archive (SRA) database (Accession Number:
SRP071029).2.3. Data processing and statistical analysis
Raw FastQ files were demultiplexed and quality-filtered using
QIIME (version 1.17). Sequences were firstly truncated at the sites
receiving an average quality score <20, and then denoised by
discarding the truncated reads that were shorter than 50 bp. After-
wards, sequences that overlap longer than 10 bp were assembled
according to their overlap sequence. Nucleotide mismatch in pri-
mer matching, reads containing ambiguous characters were also
discarded.
Operational taxonomic units (OTUs) were firstly clustered with
97% similarity cutoff using UPARSE (version 7.1 http://drive5.com/
uparse/) and chimeric sequences were identified and removed
using UCHIME. And then the trimmed reads were subsampled
according to the minimum reads number of the 16 data groups
for bacteria or archaea respectively, and the OTUs numbers were
recalculated. Afterwards, the taxonomy of each 16S rRNA gene
sequence was analyzed by RDP Classifier (http://rdp.cme.msu.
edu/) against the SILVA (SSU115) 16S rRNA database using confi-
dence threshold of 70%. Finally, the outputs for the same sludge
sample in triplicate (for TS 10%, 15% and 17%) or quadruplicate
(for TS 19%) were combined during analysis and discussion in this
study. As a result, 8 groups of estimators were formed and named
by microbial sort and TS content, like Bact_10 stood for bacterial
community in the sludge digester with TS 10%.Table 2










Bact_10 795 ± 15 99.00 ± 0.10 958 ± 17 970 ± 22 4.00 ± 0.29
Bact_15 729 ± 16 99.15 ± 0.01 862 ± 23 865 ± 16 3.87 ± 0.36
Bact_17 867 ± 12 99.01 ± 0.04 1017 ± 7 1019 ± 13 4.46 ± 0.09
Bact_19 672 ± 50 98.95 ± 0.06 884 ± 49 889 ± 39 3.27 ± 0.33
Arch_10 31 ± 1 99.98 ± 0.01 37 ± 3 38 ± 6 0.77 ± 0.16
Arch_15 29 ± 2 99.98 ± 0.00 33 ± 1 32 ± 2 0.92 ± 0.09
Arch_17 36 ± 2 99.97 ± 0.01 41 ± 4 45 ± 7 1.27 ± 0.11
Arch_19 33 ± 4 99.98 ± 0.01 37 ± 7 37 ± 6 1.30 ± 0.183. Results and discussion
3.1. Performance of the four HSAD reactors
The digestion performance was exhibited in Table 1. The narrow
fluctuation ranges of pH, organic removal rate (VSre) and biogas
yield verified that the four systems were operated in steady status.
On the whole, the performance of all the four HSAD reactors was
not as good as exhibited in CAD, which commonly has an organic
removal rate of 50–65% and a biogas yield of 500–750 mL/g VS
added. Furthermore, among the four reactors, the increased solid
concentration also resulted in the decrease in biogas production.This implied that microbial activity decreased on the whole and/
or microbial community structure swift along with the variation
of their living environment.
The four reactors could be divided into two groups of HSAD1 (TS
10% and 15%) and HSAD2 (TS 17% and 19%) according to their fluid
behaviors (thixotropic non Newtonian fluid and nearly viscoelastic
body, respectively), which were deduced to influence the digestion
performance (Cheng and Li, 2015). As expected, the performance of
HSAD1 in this research showed reasonable results in accordance
with former studies performed under similar conditions (Liao
and Li, 2015), which was relatively closer to that of CAD. In the
contrary, the group of HSAD2 should be treated as dry fermenta-
tion with lower performance.
It was noted that the concentration of VFAs in the digester with
TS of 15% were higher than those in the others perhaps because of
some undiscovered inherent feature of the system. Nevertheless, it
was also considered to be representative as others since the mea-
sured values were still within the normal range (Duan et al., 2012).3.2. Richness and diversity of microbial communities in HSAD systems
The reads numbers for bacteria and archaea ranged between
20531–50012 and 24728–49506, respectively. So during the sub-
sampling, 20531 reads for bacteria and 24728 reads for archaea
were selected randomly for further analysis. The OTU numbers,
alpha diversity including Good’s coverage, Chao1 and ACE estima-
tion and Shannon index were summarized in Table 2.
The Bacteria domain was extremely diverse. At least 601 bacte-
rial OTUs were detected in each sample, and they were distributed
among more than 12 phyla (Fig. 1). This high diversity might be
attributed to the complexity of feed sludge that originated from
domestic wastewater sludge containing a wide spectrum of sub-
stances. In contrast, the archaeal community in each sample was
composed of less phylogenetically diverse groups represented by
at most 41 OTUs. This is probably because only limited phylogenet-
ically methanogenic groups exist in the world and these archaea
always account for only a small proportion of the microflora in
anaerobic digesters (Guo et al., 2015). Moreover, as indicated by
Fig. 1. Taxonomic classification of main bacterial phylum (relative abundance
higher than 1%).
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nities and archaeal communities respectively showed comparative
richness in different digesters, suggesting that TS content had little
effect on species richness of both bacteria and archaea.
However, unlike bacteria, whose Shannon indexes for all the
digesters showed similar values, the Shannon index calculated
for archaeal community revealed a rising tendency when TS
increased from 10% to 19%, showing an increase of archaeal diver-
sity. In principle, diverse microbial communities could keep the
holistic functional stability of a biological system when it suffers
from an environmental stress. Thus the higher archaeal diversity
ensured continuous methanogenesis in the digester with higher
solid concentration.
Beta diversity of microbial communities in the four digesters
was presented as a dendogram in Fig. 2, showing the clustering
results in accordance with the division of two HSAD groups. The
lowest dissimilarity for archaeal and bacterial community struc-
tures among these samples was about 15% and 35%, respectively,
and the values were higher than the results measured between
two-phase and single-stage sludge anaerobic digestion systems
(Maspolim et al., 2015). This suggested a remarkable influence ofFig. 2. Cluster analysis of archaeal (a) orsolid concentration on microbial community structure in anaerobic
digestion systems. Considering the instinct low diversity of archaea
in comparison to bacteria, the effects of TS on archaeal and bacte-
rial community structures were approximately at the same level.3.3. Characteristics of archaeal community in HSAD systems
Although high solid concentration had a significant impact on
archaeal diversity in the HSAD reactors (Fig. 3), acetoclastic
methanogens dominated in all the samples. In fact, it has been
demonstrated that most anaerobic digesters treating sludge are
dominated by acetoclastic methanogens or maintain acetoclastic
methanogenesis as the main pathway during the formation of
methane (Guo et al., 2015). The acetoclastic methanogens includ-
ing the generaMethanosarcina andMethanosaeta have been widely
studied about their living environment, metabolic pathways and
some other characteristics (Liu and Whitman, 2008), and it was
found that these two genera could hardly dominate simultane-
ously in one specific digester in general (Yang et al., 2014).
The results of this study showed that Methanosarcina (56.3% or
more) overwhelmed Methanosaeta (<0.6%) in all HSAD systems.
While in CAD of sludge, Methanosaeta seems more prevalent
(Ariesyady et al., 2007; Guo et al., 2015). The high concentration
of intermediate products like VFAs or free ammonia (Table 1),
which might mean unfavourable for Methanosaeta (Karakashev
et al., 2005), should be responsible for the lack of such methano-
gens in the HSAD digesters. The genus Methanosaeta is a specialist
that uses only acetate, and has been demonstrated to have higher
affinity to acetate but slower growth rates than Methanosarcina. So
Methanosaeta always survives in the systems with lower acetic
acid concentration (Liu and Whitman, 2008), whileMethanosarcina
more commonly dominates the systems with higher VFAs (always
mainly composed of acetate acid) (Karakashev et al., 2005; Demirel
and Scherer, 2008). Moreover, the thin filaments on Methanosaeta
enlarge the surface and correspondingly make themmore sensitive
to toxic substance free ammonia. While Methanosarcina always
consists of thick clumps to partly keep them from inhibitors, thus
it is easier for them to adapt to severe conditions like unstable or
even deteriorated stage of anaerobic digestion (Demirel and
Scherer, 2008).
Despite the dominance of acetoclastic methanogens Methano-
sarcina, the relative abundance of such genus decreased obviously
when TS increased from 10% to 19%, taking up a relative abundance
of 82.15%, 76.32%, 62.37% and 56.33%, respectively. It was implied
that the high-solids environment weakened the competitive
advantages of acetoclastic methanogens, and more hydrogeno-
trophic or methylotrophic methanogens occurred. Although
Methanosarcina had the special physical shape helping it adapt tobacterial (b) OTUs from each sample.
Fig. 3. Taxonomic classification of main archaeal genus (relative abundance higher
than 1%).
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tion was still lower than some hydrogenotrophic methanogens like
the orders Methanobacteriales and Methanomicrobiales (Song et al.,
2010). For example, Methanobacteriales is considered to be more
tenacious due to its rod shape which has even smaller surface com-
pared to Methanosarcina. In fact, most methanogens are able to
apply the metabolic pathway of hydrogenotrophic methanogenesis
under stressed conditions including high concentration of ammo-
nium, VFA, potassium, sodium, heavy metals or sulfide (Schnürer
et al., 1999), and no general rules could be determined about which
process parameters favor the pathway (Demirel and Scherer,
2008). Thus, confronting the high-solids environment, a new bal-
ance was rebuilt with hydrogenotrophic methanogens playing an
important role in methanogenesis. As was observed by (Song
et al., 2010), the inhibition of free ammonia to Methanosarcina
resulted in a temporary accumulation of acetic acid and somewhat
disorder the metabolic balance, and then high acetic acid brought
about feedback inhibition to acetogenic reactions including
homoacetogenesis, thus simulating the production of hydrogen
and consequently facilitating the growth of hydrogenotrophic
methanogens. The involved hydrogenotrophic or methylotrophic
methanogens were further discussed below.3.3.1. Methanobacteria
The class Methanobacteria is also widespread in various envi-
ronments including sediments, geothermal habitats, soil, animal
gastrointestinal tracts, anaerobic digesters and even microbial
electrolysis cells (Liu and Whitman, 2008). As one typical sort of
hydrogenotrophic methanogen in this class, the genus
Methanobacterium has been widely studied with several species
isolated and demonstrated to commonly exist in sludge anaerobic
digestion systems (Ariesyady et al., 2007; Guo et al., 2015;
Maspolim et al., 2015). In this study, such genus was also found
to exist in all samples, while special emphasis should be placed
on the group HSAD2, in which the relative abundance of such
genus was rather high (21.10% for Arch_17 and 20.24% for
Arch_19). This phenomenon was in accordance with the previously
discussed conjecture that the rod-shaped chain-forming mor-
phologies, owned by the genus Methanobacterium, led to smaller
surface area and facilitated such methanogens to tolerate high con-
centration of ammonia in high-solids environment.3.3.2. Thermoplasmata
In this class, two genera belonging to the order Methanomassili-
icoccales were detected: the typical genus Methanomassiliicoccus
and the non-isolated but co-culture-studied genus ‘‘Candidatus
Methanomethylophilus”. All the culture-based studies of the order
Methanomassiliicoccales agreed on a common methanogenic path-
way that reduces methyl-compounds to methane obligatorily with
an external hydrogen source (Borrel et al., 2014). This metabolic
pathway was only found in the generaMethanosphaera andMetha-
nimicrococcus before (Borrel et al., 2014). Considering the uniform
relative abundance of Methanomassiliicoccus in the samples (4.01%
in Arch_15, 2.05% in Arch_17 and 3.90% in Arch_19) and the exis-
tence of Methanimicrococcus in Arch_10 (6.67%), the methyl-
compounds + hydrogen metabolic pathway was deduced to pre-
sent commonly in HSAD digesters under the operational conditions
in this study. In particular, as for the group HSAD2, the genus
‘‘Candidatus Methanomethylophilus” were rather rich, reaching
up to 11.12% and 16.89% for Arch_17 and Arch_19, respectively.
On the contrary, methanogens of such metabolism were not so
routine in sludge CAD systems; for example, in 9 sludge CAD sam-
ples (Yang et al., 2014), hydrogen + methyl-compounds metabolic
methanogens were found in only 5 of them (data not shown) with
a proportion of only 1.99%. In fact, such metabolism more often
exists in some MSW digesters (Weiss et al., 2008) possibly also
because of high solid concentration.3.3.3. Methanomicrobia
In the HSAD reactors, the other detected non-acetoclastic
methanogens included the genera Methanospirillum, Methanocul-
leus and Methanimicrococcus, which all belong to the class Metha-
nomicrobia. Methanospirillum is a genus of strictly mesophilic
hydrogenotrophic methanogens. Methanoculleus is able to synthe-
size methane utilizing hydrogen or formate and carbon dioxide as
the substrates. High tolerance of Methanoculleus to inhibitors like
ammonium salt and VFAs was also previously illuminated
(Schnürer et al., 1999).Methanimicrococcus had ever been detected
in municipal solid waste digesters under mesophilic or ther-
mophilic conditions, and it also utilize hydrogen + methyl-
compounds pathway during methanogenesis (Borrel et al., 2014).
In fact, such community structure with acetoclastic methanogens
dominating and Methanomicrobia acting as the major hydrogeno
trophic/methylotrophic methanogens were also typically detected
in sludge CAD and wastewater treatment systems (Ariesyady et al.,
2007; Maspolim et al., 2015).
According to the discussion above, in regard to the non-
acetoclastic methanogens, it was concluded that both methy-
lotrophic and hydrogenotrophic methanogenesis increased in the
digesters with higher solid concentrations (Fig. 4). The methy-
lotrophic methanogenesis presenting in sludge HSAD systemswere
mainly the hydrogen + methyl-compounds metabolic pathway,
with the order Methanomassiliicoccales playing an important role
in it.3.4. Characteristics of bacterial community in HSAD systems
The bacteria detected in the samples were classified into more
than 12 phyla as discussed above (Fig. 1), and up to 376 species.
Only those species with relevant abundance more than 1% in at
least one sample were shown in Fig. 5. The dominant five phyla
including Firmicutes, Bacteroidetes, Candidate division WS6,
Proteobacteria and Chloroflexiwere thought to be involved in anaer-
obic fermentation and consequent methanogenesis. Details of each
bacterial phylum and their effect on the metabolic pathways were
discussed below in order of relative abundance.
Fig. 4. Methanogenic pathway profiling in sludge CAD, HSAD1 and HSAD2 systems.
Fig. 5. Taxonomic classification of main bacterial genus (relative abundance higher
than 1%).
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It was dominant in the samples of HSAD1, accounting for quite
high proportions of 72.5% and 71.5% in Bact_10 and Bact_15,
respectively; whereas the proportion of such bacteria was rela-
tively low in the samples of HSAD2 (27.0% in Bact_17 and 13.7%
in Bact_19). Comparing Fig. 1 with Fig. 3, it was interesting that
the changing trend of Firmicutes relative abundance with the
increase in TS was quite consistent with that of Methanosarcina.
In fact, Firmicutes is widespread in many CAD systems of sewage
sludge (Ariesyady et al., 2007; Yang et al., 2014), and was consid-
ered to be a sort of syntrophic bacteria that can degrade various
substrates and produce VFAs, among which acetic acid were sup-
posed to have acted as the critical substance in acetoclastic
methanogenesis (Yi et al., 2014); what is more, most taxa belonging
to this phylum identified in this study have also been reported to
possess such metabolic pathway, such as the genera Fastidiosipila
and Lutispora (Shiratori et al., 2008), the uncultured genus in family
Peptococcaceae (ROGOSA, 1971) and so on. As shown in Fig. 4,
acetoclastic methanogens decreased along with increased TS of feed
sludge. This may reduce the consumption rate of acetate, and then
depress acetogenic bacteria including Firmicutes by feedback inhibi-
tion. As a consequence, this metabolic pathway was weakened in
anaerobic digestion at higher solid concentrations. In fact, the ratioof Firmicutes in this study was close to the value 12% in high-solids
anaerobic digestion of food waste (Yi et al., 2014) and the value
20–30% in thermophilic high-rate anaerobic digestion of waste
activated sludge (Ho et al., 2013).
However, not only these VFAs-producing taxa but also some
genera producing H2 were found to contribute to the abundance
of the phylum Firmicutes. For example, Gelria, the noteworthy bac-
terial genus in HSAD1 (account for up to 24.8% or more), was
accepted to have established efficient syntrophy with some hydro-
genotrophic bacteria (Lu et al., 2014). Therefore, these genera were
supposed to play an important role in producing hydrogen and
supporting their hydrogen-relying methanogenic partners via
interspecies hydrogen transfer. Nevertheless, despite the increas-
ing trend of hydrogenotrophic and hydrogen + methyl-
compounds metabolic methanogens along with TS increase (see
Fig. 4), the representative H2-producing genus Gelria did not
increase as expected, but decreased evenly with the decrease of
phylum Firmicutes. Considering hydrogenotrophic methanogenesis
was enhanced, the probable reduction of H2 produced by Gelria in
HSAD2 was supposed to have been compensated by other H2-
producing bacteria.3.4.2. Bacteroidetes
In contrast to Firmicutes, the phylum Bacteroidetes was enriched
in group HSAD2 (36.6% in Bact_17 and 27.3% in Bact_19) but was
appreciably lower in group HSAD1 (4.8% in Bact_10 and 6.1% in
Bact_15), which showed an opposite trend against acetoclastic
methanogens (see Fig. 3). As reported in previous work (Yi et al.,
2014), the phylum Bacteroidetes is proteolytic bacterium that prob-
ably involves in the degradation of various proteins to VFAs and
NH3. So the increase of Bacteroidetes in group HSAD2 may come
from the increase of absolute protein-input in the thicker feed-
stock. Similar result was also reported in a research on food waste
digestion under different TS conditions (Yi et al., 2014).
However, only limited information can be found on the meta-
bolic characteristics of the predominant taxa in the phylum in this
study, such as the family ST-12K33, the genus vadinBC27 and the
class vadinHA17, since all of them were uncultured bacteria. Both
vadinBC27 and vadinHA17 were first found in a vinasses anaerobic
digester, where some species inMethanosarcina,Methanobacterium
and Thermoplasma also existed (Godon et al., 1997). So the archaeal
compositions of the vinasses digestate and the HSAD2 samples
were quite similar, indicating the similarity of the two anaerobic
environments to some extent. While as for the family ST-12K33,
even less knowledge could be acquired. It was found in brine-
seawater interface of the Shaban Deep, northern Red Sea and
therefore was demonstrated to thriving under extreme environ-
mental conditions with high salinity (Eder et al., 2002). Though
ST-12K33 population were ever found in a mesophilic anaerobic
digester treating food waste (Li et al., 2015), none of them
accounted for a proportion as large as that in the group HSAD2
(22.0% for sample Bact_17 and 17.4% for Bact_19). Hence the
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how supposed to expand the knowledge of its suitable habitat.
3.4.3. Candidate division WS6
The relative abundance of bacteria assigned to the candidate
division WS6 were extremely high (38.4%) for the sample Bact_19
compared to the other samples (smaller than 1.1%). As far as it is
aware, bacteria affiliated to candidate division WS6 are always
found in anaerobic sediment environment, and the phylogenetic
divergence in it is one of the largest among any known bacteria
division, implying a broad diversity of undiscovered biochemical
and metabolic novelty (Dojka et al., 2000). So the strange enrich-
ment of such bacteria at TS 19% need further study.
3.4.4. Proteobacteria and Chloroflexi
The relative abundance of the phylum Proteobacteria (2.0%, 0.7%,
3.6% and 1.7% in Bact_10 to Bact_19, respectively) or Chloroflexi
(3.4%, 3.4%, 4.7% and 1.7% in Bact_10 to Bact_19, respectively)
changed little among different samples. Proteobacteria are involved
in the degradation of organic wastes and they are important con-
sumers of glucose and several kinds of VFAs (Ariesyady et al.,
2007). The most dominant genus in Proteobacteria detected in this
study was Smithella with the relative abundance no more than
2.7%, and it is also the only representative propionate-utilizing bac-
teria genus found here (Li et al., 2012). Therefore, this phenomenon
consisted with previous research that declared propionate fermen-
tation not to be the dominant metabolic pathway in sludge diges-
tion systems (Liu et al., 2016). The phylum Chloroflexi (formerly
assigned named as Green non-sulfur bacteria) is ubiquitous in var-
ious anaerobic digesters (Ariesyady et al., 2007; Yi et al., 2014) and
it was considered to act as a glucose utilizer in such systems. This
phylum had also been reported to have strong ability to degrade
hardly degradable organic substances. The dominant taxon affili-
ated to Chloroflexi in this study was the family Caldilineaceae, a
group that has been found in coastal saline soils (Yousuf et al.,
2012) and gut content of sea cucumber (Gao et al., 2014).
4. Conclusion
Along with the increased solid concentration, the microbial
community structure changed a lot for both bacteria and archaea.
A combination of acetoclastic methanogens with bacterial phylum
Firmicutes was formed in group HSAD1. However, when the TS
increased to 17% or more, the phylum Bacteroidetes replaced Firmi-
cutes to be dominant. Consequently, in group HSAD2, intermediate
products like VFAs and NH3 accumulated and may, as a result, have
reduced the relative abundance of Methanosarcina to some extent
and finally caused the gradual increase of the hydrogenotrophic
class Methanobacteria and the methanogens using hydrogen
+ methyl-compounds metabolic pathway.
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